To determine the spatial modulation transfer function (MTF) of the human foveal visual system for equiluminous chromatic gratings we measured contrast sensitivity as a function of retinal illuminance for spatial frequencies of 0.125-4 c/deg with equiluminous red-green and blue-yellow gratings. Contrast sensitivity for chromatic gratings first increased with luminance, obeying the Rose-DeVries law, but then the increase saturated and contrast sensitivity became independent of light level, obeying Weber's law. Critical retinal illuminance (I c ) marking the transition point between the laws was found to be independent of spatial frequency at 165 phot. td. According to our detection model of human spatial vision the MTF of the retina and subsequent neural visual pathways (P c ) is directly proportional to I c . Hence, P c is independent of spatial frequency, reflecting the lack of precortical lateral inhibition for equiluminous chromatic stimuli in spatiochromatically opponent retinal ganglion cells and dLGN neurons.
Introduction
Sensitivity as a function of spatial frequency is lowpass in shape for chromatic gratings: detection threshold is constant at low spatial frequencies but decreases at medium and high spatial frequencies (Van der Horst & Bouman, 1969; Hiltz & Cavonius, 1970; Mullen, 1985) . For luminance-modulated (achromatic or monochromatic) gratings spatial contrast sensitivity function has a band-pass shape: contrast sensitivity is highest at medium spatial frequencies and decreases towards higher and lower frequencies (Campbell & Robson, 1968; Cohen, 1978) . Comparison between spatial contrast sensitivity functions for luminance and chromatic gratings reveals that sensitivity is better for luminance gratings at high spatial frequencies but for chromatic gratings at low spatial frequencies (Mullen, 1985) .
The decrease in contrast sensitivity at low spatial frequencies for luminance gratings is believed to be due to precortical lateral inhibition (Enroth-Cugell & Robson, 1966; Donner & Hemilä, 1996) which attenuates spatially slow luminance changes, and thus contrast at low spatial frequencies. The absence of the low frequency decrease for equiluminous chromatic gratings has been suggested to result from the lack of lateral inhibition in the visual system for chromatic stimuli (Cavanagh, 1991) .
In bright light, contrast sensitivity for luminancemodulated gratings is independent of luminance level Mustonen, Rovamo, & Näsänen, 1993) , obeying Weber's law. At lower levels of retinal illuminance, however, contrast sensitivity becomes directly proportional to the square root of the average luminance, obeying the Rose -DeVries law (Rose, 1948; DeVries, 1943) . The transition point between the laws is marked by critical retinal illuminance (I c ). It is generally assumed that the Rose -DeVries law is obeyed when contrast sensitivity is affected by quantal noise while Weber's law refers to a situation where the adjustments of gain in the photoreceptors as well as elsewhere in the retina, and possibly even in the subsequent neural networks, all act together to produce a constant contrast response (e.g. Shapley & EnrothCugell, 1973; King-Smith & Kranda, 1981; Chaparro, Stromeyer, Chen, & Kronauer, 1995) that is discriminated against a constant intrinsic neural noise, which means that under Weber's law contrast sensitivity is determined by neural noise in the human brain. With this accepted contrast sensitivity for equiluminous chromatic gratings should also obey Weber's and the RoseDeVries laws at high and low light levels, respectively.
According to our detection model of human spatial vision (Rovamo, Mustonen, & Näsänen, 1994 ) the modulation transfer function (MTF) of the retina and subsequent neural visual pathways is for gratings directly proportional to the square root of critical retinal illuminance, i.e. P( f )=kI c ( f ), where f is spatial frequency. For the derivation of this relationship, see Appendix A.
For luminance-modulated gratings critical retinal illuminance I c has been shown experimentally to be directly proportional to spatial frequency squared in the range of 0.125-30 c/deg (Van Nes, Koenderink, Nas, & Bouman, 1967; Rovamo, Mustonen, & Näsänen, 1995) . Hence, the neural MTF for luminance gratings is directly proportional to spatial frequency, i.e. P L (f)= af, where a=1 deg (Rovamo, Luntinen, & Näsänen, 1993; Rovamo, Kankaanpää, & Kukkonen, 1999a) . For luminance-modulated (homochromatic or achromatic) gratings neural MTF thus attenuates low spatial frequencies relatively more than high. This reflects the fact that precortical lateral inhibition producing attenuation of spatially slow luminance gradients and consequently low spatial frequencies is strong for luminance-modulated stimuli.
The receptive fields of colour selective retinal ganglion cells and dLGN neurons (Kaplan, Barry, & Shapley, 1990) show strong spatial opponency for pure luminance modulation but none for pure colour modulation (De Valois & De Valois, 1975 , 1990 . Within the context of our detection model of human spatial vision ) the lack of lateral inhibition for chromatic equiluminous gratings means that the MTF of the retina and subsequent neural visual pathways for chromatic gratings, i.e. P c ( f ), should be constant across spatial frequencies, showing no more attenuation at low than high spatial frequencies. This independence of neural MTF of spatial frequency for chromatic equiluminous gratings means that critical retinal illuminance, marking the transition point between the RoseDeVries and Weber's laws, should be independent of spatial frequency for chromatic gratings.
In this study we measured contrast sensitivity as a function of retinal illuminance for equiluminous redgreen and blue-yellow gratings in order to find out: (1) whether contrast sensitivity for purely chromatic gratings obeys the Rose-DeVries law in dim light and Weber's law in bright light; and (2) whether I c marking the transition between the laws is independent of spatial frequency.
Methods

Apparatus
Gratings with luminance or colour modulation were generated under computer control (Dell 486DX2 66 MHz) on a high resolution 16 in. RGB monitor (Eizo 9080i) driven at the frame rate of 60 Hz by a 24-bit true colour graphics board (MicroStep AGC-2400 with 4 Mb DRAM) using a Texas Instruments graphics controller (TIGA TMS34020, 40 MHz) providing a palette of 16.7× 10 6 colours. The pixel size was 0.043× 0.043 cm on the screen.
The stimulus monitor was calibrated by measuring the luminance response for each colour gun with a Minolta LM-110 luminance meter. The non-linear luminance responses of the display for red, green and blue were linearised by using the inverse functions of their luminance responses when computing the stimulus images.
The CIE 1931 (x, y) colour coordinates of the unmodulated gratings, i.e. of the white screen, measured with a Bentham PMC 3B spectroradiometer, were (0.297, 0.310) when the average screen luminance measured with the luminance meter was 48 cd/m 2 , corresponding to a scotopic luminance of 130 cd/m 2 measured with the spectroradiometer. According to the spectroradiometer the average relative luminances adding to 100 were 23.6, 64.5 and 11.9 for red, green and blue colour guns. The colour coordinates of the red, green and blue guns were found to be (0.612, 0.349), (0.291, 0.607), and (0.153, 0.070), respectively.
To minimise the effects of the step errors of the digital-analog-converters (DACs) of the graphics board on lower contrasts, the average luminance of the screen was chosen to be in the middle between the two luminance levels corresponding to two successive index values for each colour gun. To increase the number of luminance levels above 256 (eight bits) per colour we used a random dither, whose spatial extent was one image pixel on the screen and luminance step was one index value for each colour gun. The random dither is generated by equation I n (x, y)=Int[I r (x, y)+| − 0.5], where I n is the integer index value (0-256), Int [.] denotes rounding to the nearest integer, I r the real index value, and | a random number drawn from a uniform distribution between 0 and 1. The spatial noise produced by the dither was invisible, because its Michelson contrast was 7× 10 − 3 for each colour and its lowest spatial frequency component was 12 c/cm.
The goodness of the luminance linearisation of the display was checked indirectly by measuring the Michelson contrasts of the black-and-white luminancemodulated test gratings. Contrasts were found to be accurate at and above 0.001.
Stimuli
The stimuli were created and experiments were run using software developed by one of the authors (JH). The stimuli consisted of simple vertical cosine gratings within a sharp-edged aperture of 4×4 or 8× 8 cm. Spatial frequencies ranged from 0.125 to 4 c/cm on the screen. The equiluminous surround was limited to a 20 ×20 cm aperture by black cardboard. Black-andwhite, i.e. achromatic luminance-modulated gratings were produced when contrast and phase were the same for red, green and blue gratings. Viewing distance was 28.6, 57.3, or 115 cm.
Objectively equiluminous red-green gratings were produced when the contrast of the blue grating was chosen to be equal to zero while the phase difference between the red and green gratings was 180°and their contrasts (c r and c g ) were chosen so that the modulation amplitudes were equal. Objectively equiluminous blueyellow gratings were produced when the phases of the above red and green gratings were the same but different by 180°from the phase of the blue grating and their contrasts were chosen so that the modulation amplitudes of yellow and blue gratings were equal. Objective equiluminance indicates that photometric luminance across the grating bars was constant in cd/m 2 . To minimise the effects of various chromatic aberrations (Bradley, Zhang, & Thibos, 1992) on contrast sensitivity, we used only low and medium spatial frequencies (B 4 c/deg) and small numbers of cycles at low spatial frequencies.
The retinal illuminances produced by the average luminances of the red, green and blue phosphors of our display can be readily expressed in cone specific VosWalraven illuminances (Lucassen & Walraven, 1993) . The average illuminances in short (s), medium (m) and long (l) wavelength cones correspond to the following luminances on the screen: L s =0.490, L m =16.7, and L l = 30.8 cd/m 2 . For red -green gratings, cone contrasts were related as c s =0.104c m and c l = −0.541c m while for blue -yellow gratings the relations were c m = 0.0612c s and c l = −0.0490c s .
The L/M contrast at the opponent stage was calculated as c L/M = (c l 2 +c m 2 ) 0.5 (Chaparro, Stromeyer, Huang, Kronauer, & Eskew, 1993) . In analogy, the S/(L + M) contrast at the opponent stage was calcu-
, where c L + M is the contrast of the L+ M channel, which was 0.01c s , i.e. one hundredth of the s-cone contrast produced by the blue -yellow grating. Hence, c S/(L + M) =1.01c s , i.e. in practice equal to c s for the blue -yellow grating. Although our chromatic gratings do not strictly isolate L/M and S/(L + M) channels, the red-green equiluminous grating is detected by means of the L/M opponent mechanism because for the red-green grating c L/M = 11c S/(L + M) and the blue-yellow equiluminous grating is detected by means of the S/(L +M) opponent mechanism because for the blue-yellow grating c S/(L + M) = 13c L/M . In practice, the safety factor in the former case is greater than 11 but in the latter case less than 13, because the sensitivity of the human visual system is lower for s-cone stimuli.
Gratings with white spatial noise and pure noise stimuli were produced by adding a random number to each square-shaped noise check comprising 3× 3 or 4× 4 image pixels (Kukkonen, Rovamo, & Näsänen, 1995) . Noise was black-and-white, i.e. achromatic luminance noise, and therefore, the same number was added to all three colours within a noise check. The rms contrast of noise was 0.16, 0.20 or 0.23.
Procedures
In the experiments of Fig. 1 (A, C, E), viewing was binocular with natural pupils. When display luminance was 48 cd/m 2 , pupil size was found to be 4 mm thus producing the average retinal illuminance of 600 phot. td from our display.
After the angle of the anterior chamber was confirmed as normal, the pupil of the dominant eye was dilated to 8 mm for the experiments of Fig. 1 (B, D, F) and Fig. 2 by means of two drops of 10% phenylephrine (Metaoxedrine) hydrochloride, which leaves accommodation unaffected. For further details see Rovamo et al. (1994) . The grating stimuli were viewed monocularly and the other eye was thus covered by a black eye pad.
The average retinal illuminance produced by our display through a pupil of 8 mm diameter was 2400 phot. td. Lower levels of retinal illuminance were obtained by placing a desired number of neutral density filters of 0.6 log units onto the screen. The subject adapted to each new screen luminance for 5 min per each 0.6 log units of luminance change. For further details, see Rovamo et al. (1994) .
Contrast sensitivity is the inverse of the Michelson contrast at detection threshold. For chromatic gratings contrast sensitivity was based on the Michelson luminance contrast of either chromatic component (red or green/blue or yellow) against the white background luminance. The contrast of stimuli was changed in steps of 0.1 10 log units and contrast thresholds were determined at the probability level of 0.79 correct by means of a two-alternative forced-choice algorithm with threecorrect-then down/one-wrong-then-up rule (Wetherill & Levitt, 1965) . Each trial consisted of two 500 ms exposures, separated by 600 ms. For further details, see Mustonen et al. (1993) .
When gratings with achromatic luminance noise were used, there were five different grating+ noise stimuli for each contrast level. One of them was chosen randomly for each exposure. The comparison stimulus was chosen randomly from a set of five different noise stimuli with the same rms contrast of noise.
The threshold contrast was estimated as the arithmetic mean of the last 6-7 reversal contrasts. All the data points shown are medians of at least three threshold estimates. The experiments were performed in a dark room, the only light source being the display. The observer's head was stabilised using a chin rest. Gaze was directed to the centre of the display but no fixation marks were used.
Subjects
Two experienced subjects, aged 22 and 27 years, served as observers. MK was an uncorrected myope (od.-0.25 DS/os. 0 DS), and HR was a corrected hyperope ( + 1.50 DS ao.). Their binocular Snellen acuity was 8/5 and colour vision normal in the standard 100-hue test. The tenets of Helsinki declaration were followed during the study.
Results
It is possible that detection threshold is affected by the subjective luminance modulation in objectively, i.e. photometrically, equiluminous chromatic gratings owing to the difference between subjective and objective equiluminances (e.g. Mullen, 1985) . If this were the case then contrast sensitivity for objectively equiluminous chromatic gratings should decrease when the luminance component is masked by strong black-and-white, i.e. achromatic, luminance noise, which does not mask pure chromatic signals (Gegenfurtner & Kiper, 1992) .
The effect of spatial achromatic noise on contrast sensitivity at 10 and 600 phot. td. was investigated in the experiments of Fig. 1 by measuring foveal contrast sensitivity with and without noise as a function of spatial frequency of 0.25-4 c/deg for black-and-white, i.e. luminance-modulated achromatic gratings as well as for objectively equiluminous red-green and blue-yellow gratings.
As Fig. 1(A-B) shows, contrast sensitivity for achromatic gratings was without spatial noise reduced at all spatial frequencies when retinal illuminance decreased from 600 to 10 phot.td. The effect of decreasing retinal illuminance on contrast sensitivity almost disappeared in spatial noise. However, noise clearly reduced contrast sensitivity at both illuminances, demonstrating the fact that luminance noise used had a strong effect on detection.
Also in Fig. 1 (C-F) contrast sensitivity for both chromatic grating types was reduced at all spatial frequencies when retinal illuminance decreased from 600 to 10 phot.td. However, the effect of decreasing retinal illuminance on contrast sensitivity did not disappear in spatial noise. At 0.25-2 c/deg the achromatic noise had hardly any effect on contrast sensitivity but at 4 c/deg contrast sensitivity was halved by noise. This means that at spatial frequencies 5 2 c/deg the objectively equiluminous gratings do not have a significant luminance component and can be regarded as pure chromatic gratings in a detection task. However, at 4 c/deg the luminance component of the objectively equilumi-nous grating contributes significantly to grating detectablity. The lack of the effect of achromatic noise on chromatic contrast sensitivity is in agreement with Mullen (1985) , who reported that contrast sensitivity at low and medium spatial frequencies is practically identical for subjectively and photometrically equiluminous redgreen and blue-yellow gratings. The lack of the effect of achromatic noise at low light levels ( Fig. 1(D, F) ) also implies that the photopically equiluminous stimuli were not detected by rods using the scotopic luminance contrast of the stimuli, because if they were, contrast sensitivity for chromatic gratings would be reduced by luminance noise.
In the experiments of Fig. 2 we measured monocular foveal contrast sensitivity as a function of retinal illuminance for equiluminous red-green and blue-yellow gratings at spatial frequencies of 0.125-4 c/deg. Retinal illuminance varied across three 10 log-units from 2.4 up to 2400 phot. td.
As Fig. 2 shows, contrast sensitivities for both chromatic grating types first increased with retinal illuminance at all spatial frequencies but then the increase saturated. In agreement with the Rose-DeVries law the slope of increase was 0.5 at lower levels of retinal illuminance, but at higher light levels contrast sensitivity became independent of luminance level, in agreement with Weber's law. The transition between the Rose -DeVries and Weber's laws was not abrupt but gradual, and the slope of increase changed slowly from 0.5 to 0, obtaining intermediate values between low and high light levels. This is in agreement with the results of Kelly (1972) ; Koenderink, Bouman, Bueno de Mesquita, and Slappendel (1978) and Savage and Banks (1992) obtained with achromatic black-andwhite gratings.
An equation (Mustonen et al., 1993) that combines the two laws is
where S is contrast sensitivity determined experimentally, I c is critical retinal illuminance marking the transition between the laws, I is photopic retinal illuminance and S max is the maximum contrast sensitivity obtainable in bright light for the stimulus used. Smooth curves in Fig. 2 were calculated by Eq. (1) fitted to the data of each grating type and spatial frequency separately. For further details, see Rovamo et al. (1994) . The goodness of the fit of the curves to the data was 88-97%. The percentage was based on rms-error and calculated according to Rovamo, Raninen, and Donner (1999b) . In Fig. 3 , the estimates of critical retinal illuminance (I c ) are plotted as a function of spatial frequency. For chromatic gratings they were obtained when Eq. (1) was fitted to the contrast sensitivity data of Fig. 2 . For luminance-modulated black-and-white gratings, the estimates of I c were obtained from Rovamo et al. (1994 Rovamo et al. ( , 1995 .
As Fig. 3 shows, the estimates of I c for chromatic equiluminous gratings were practically independent of spatial frequency whereas the estimates of I c for blackand-white gratings increased with a slope of +2 in double logarithmic coordinates. The estimates of chromatic I c across spatial frequencies of 0.125-4 c/deg can be described (goodness of fit 75%) by their average, i.e. by equation I c = 165 (SEM9 31) phot. td. The increase of the achromatic I c values with spatial frequency ( f ) can be described (goodness of fit 87%) by equation I c = 11.7 f 2 . In fact, achromatic I c is proportional to spatial frequency at 0.125-32 c/deg . This implies that I c is greater for chromatic gratings below 4 c/deg but for achromatic gratings above 4 c/deg. On the other hand, the direct proportionality between achromatic I c and f 2 reflects the fact that the spatial MTF of the retina and subsequent neural visual pathways (P) is proportional to spatial frequency for luminance-modulated achromatic gratings whereas the independence of chromatic I c of spatial frequency means that P is constant for chromatic equiluminous gratings at all spatial frequencies. Rovamo et al. (1994 Rovamo et al. ( , 1995 
Discussion
Contrast sensitivity for chromatic gratings first increased with luminance, obeying the Rose-DeVries law, but then the increase saturated and contrast sensitivity became independent of light level, obeying Weber's law. Critical retinal illuminance (I c ) marking the transition point between the Rose-DeVries and Weber's laws was found to be independent of spatial frequency at all spatial frequencies (0.125-4 c/deg) studied.
According to the detection model of human spatial vision (Rovamo et al., 1994 ) the spatial modulation transfer function (MTF) of the neural visual pathways (P) is proportional to I c (Rovamo et al., 1994 . As I c was found to be independent of spatial frequency for chromatic equiluminous gratings, also P for chromatic gratings is independent of spatial frequency. This reflects the lack of precortical lateral inhibition (Enroth-Cugell & Robson, 1966; Donner & Hemilä, 1996) for purely chromatic stimuli (De Valois & De Valois, 1975 , 1990 .
According to Mullen (1985) contrast sensitivity at spatial frequencies B2 c/deg is practically identical for subjectively and objectively, i.e. photometrically equiluminous red-green and blue-yellow gratings. One possible reason for the slow change of contrast sensitivity for red-green and blue-yellow gratings around the point of subjective equiluminance (Mullen, 1985) could be that any luminance component is strongly attenuated by lateral inhibition at spatial frequencies B 2 c/deg. In agreement, we found that at 0.25-2 c/deg the achromatic noise had hardly any effect on contrast sensitivity for photometrically equiluminous gratings. This means that at spatial frequencies B 2 c/deg the objectively equiluminous gratings do not have a significant luminance component and can be regarded as pure chromatic gratings in a detection task.
In the experiments we only studied spatial frequencies up to 4 c/deg to minimise the effects of various chromatic aberrations (Bradley et al., 1992) on contrast sensitivity. However, we suggest that the independence of chromatic I c of spatial frequency continues up to the resolution limit because of the following: When Mullen (1985) carefully corrected for both the longitudinal and lateral chromatic aberrations (Bradley et al., 1992) , the highest spatial frequency at which contrast sensitivity for subjectively equiluminous gratings could be measured was only 8 c/deg and she extrapolated the resolution of subjectively equiluminous gratings to be just above 10 c/deg. Using the experimental data of Mullen (1985) covering spatial frequencies of 0.06 to 8 c/deg, we have shown (Rovamo et al., 1999a) that her data strongly supports the independence of chromatic I c and P c of spatial frequency even above 4 c/deg. This is further supported by the analogous continuity for achromatic gratings, whose I c and P L ( f ) are proportional to spatial frequency both below and above 4 c/deg . Moreover, contrast matches of equiluminous chromatic gratings across spatial frequencies of 0.5-8 c/deg can be successfully modelled under the assumption that P c is a constant independent of spatial frequency (Tiippana et al., 2000) .
The values of achromatic I c (Rovamo et al., 1994 , described by equation I c = 11.7f 2 in Fig. 2 , exceed the level of chromatic I c = 165 phot. td just below 4 c/deg. This implies that in comparison with chromatic gratings, achromatic gratings are relatively amplified by means of lateral inhibition above 4 c/deg. This also explains Mullen's (1985) finding that at higher spatial frequencies contrast sensitivity for red-green and blueyellow gratings changes rapidly around the point of subjectively equiluminance, as their luminance component is amplified by lateral inhibition at spatial frequencies \ 4 c/deg. In agreement, we found that at 4 c/deg contrast sensitivity was halved by noise, which means that the luminance component of the objectively equiluminous grating contributed significantly to grating detectablity.
Any image processing based on contrast information benefits from strong lateral inhibition that removes the average luminance located at zero spatial frequency in achromatic stimuli. Based on this, the lack of lateral inhibition for chromatic stimuli suggests that the average luminance is removed when subtracting the opponent cone signals [e.g. (c l -c m )] so that chromatic opponent channels of the human visual system (Cole, Hine, & McIihagga, 1993) carry only contrast information. Thus, the colour coding of the human visual system resembles (Buchsbaum, 1987) to the linear NTSC (National Television Standards Commission, USA) colour coding.
Moreover, the relative amplification of achromatic vs. chromatic stimulus contrast at high spatial frequencies by means of lateral inhibition before addition of internal neural noise, as in our detection model of human spatial vision , makes spatial resolution better for achromatic than chromatic stimuli, in agreement with experimental results (Mullen, 1985) .
To conclude, our contrast sensitivity experiments showed that chromatic I c marking the transition point between the Rose-DeVries and Weber's laws is independent of spatial frequency. In the context of our detection model of human spatial vision this means that the spatial MTF of neural visual pathways (P) is a constant independent of spatial frequency for chromatic stimuli, reflecting the lack of precortical lateral inhibition for chromatic stimuli in spatiochromatically opponent (De Valois & De Valois, 1975 , 1990 receptive fields of colour selective retinal ganglion cells and dLGN neurons (Kaplan et al., 1990) .
